ABSTRACT In this paper, a novel 2-D direction of arrival (DOA) estimation approach based on the tensor technique is proposed for a conformal array in a massive multiple-input-multiple-output system under unknown mutual coupling. By placing sensors uniformly on the cylindrical surface, the received signal expression is formulated with the Khatri-Rao product. An unknown mutual coupling auto-suppression method based on the conformal array is investigated. Then, to utilize the multidimensional information of the received data, a third-order tensor is constructed based on the conformal array signal model, and the signal subspace is provided by higher order singular value decomposition. Finally, the DOAs are estimated by conventional subspace-based algorithms. This approach provides improved DOA estimation performance owing to the utilization of the multidimensional information and the covariance tensor method, with lower SNR and fewer snapshots. The simulation results confirm that the proposed method outperforms the conventional method based on the vector model.
I. INTRODUCTION
The future of 5G wireless communication networks [1] , [2] is a promising research topic with the potential for significant gains, offering the ability to access massive users with higher data rates, greater robustness and reduced power consumption. Since spectral efficiency is increasing greatly with traffic demand, the massive multiple-input multiple-output (MIMO) technique [3] - [5] has received substantial attention for it merits, including higher data rates, enhanced link reliability, and potential power savings. A massive MIMO system equipped with hundreds of antennas at a base station (BS) enables abundant customs to occupy the network on the same frequency band simultaneously without interference [6] . However, most state-of-the-art research assumes that the antenna elements in the system are organized into a 2D or 3D structure, and the element pattern is usually isotropic. A conformal array is an array with directional sensors on a curved surface and has advantages that include wide-angle coverage, space saving, and easy installation. Hence, the arrangement of the antenna elements on the curved surface of the carrier to form a conformal massive MIMO system is economical. In this paper, we confine our study of massive MIMO based on the conformal array.
Recently, 2D DOA estimation [7] , [8] has become a core technique to enhance the downlink reliability in massive MIMO systems. Some exceptional 2D DOA estimation methods, such as multiple signal classification (MUSIC) and estimation of signal parameters via rotational invariance techniques (ESPRIT), have been used for massive MIMO systems. With the development of the conformal antenna array, a novel DOA estimation algorithm that combines geometric algebra with the MUSIC algorithm was proposed in [9] for a cylindrical conformal array. To detect more signals than the number of sensors, another estimation method employing nested array principles was proposed in [10] , and this method improved the degrees of freedom of the array. For conditions with coherently distributed sources, [11] proposed a 2D DOA estimation algorithm based on the propagator method for conformal arrays in the D2D communication of massive MIMO systems. This method does not require spectrum peak searching and has low computational complexity. On the basis of the mutual coupling effect, [12] exploited the joint-sparsity of the compressed sensing technique to jointly estimate the DOAs and mutual coupling coefficient with single and multiple snapshots. Then, to remove the impact of mutual coupling, by means of the characteristics of the Toeplitz structure of mutual coupling matrices (MCM), [13] developed a subarraybased algorithm by dividing the whole array into the middle subarray and the auxiliary subarray. However, most of the previous work gathered the received data in matrix form and ignored the inherent relationship of the multidimensional structure in the array received data. Hence, when the received data collected from 2D or 3D arrays are arranged into threedimensional structures, formulating the data with tensors is a good choice [14] . A tensor is a multidimensional array composed of numerical values [15] , [16] that describes the linear relationships among different vectors, matrices and tensors, and it is a good tool to maintain the multidimensional structure of data. The pioneering works of [17] - [21] found that compared with the matrix-based method, improved subspace and DOA estimates were obtained through higherorder singular value decomposition (HOSVD). By exploiting multilinear algebra, [19] proposed a tensor-based angle estimation method for the nested-sensor array, which could detect many more sources than the actual number of sensors and achieved better estimation performance. To eliminate the mutual coupling effect in the bistatic MIMO radar system and reduce the computational complexity, [20] proposed a DOA and DOD estimation method based on the tensor model and the real-valued subspace approach. An additional MUSIC estimation strategy using HOSVD, which first constructed the tensor model of the received data and then applied HOSVD to the measurement tensor directly, was proposed in [21] . A multi-SVD-based subspace estimation method was proposed to improve the angle performance in bistatic MIMO radar in [22] , and it showed improved angle estimation performance, especially when only a small number of pulses was available. Therefore, an HOSVD-based strategy is adopted in this paper.
In this paper, we propose a novel DOA estimation algorithm based on the tensor technique to improve the DOA estimation performance under unknown mutual coupling for cylindrical conformal arrays. First, the uniform cylindrical conformal array structure is given, and the corresponding signal model suitable for constructing the tensor model is formulated. Then, the received data expression without the mutual coupling effect is modified by utilizing the conformal antenna array and the MCM characteristics. To exploit more information in the multidimensional array of the received data, the third-order tensor of the received signal model is formulated. Finally, the signal subspace estimation is improved through the HOSVD of its covariance tensor, and the true DOAs are obtained by the conventional subspacebased estimation method. Finally, the simulation results demonstrate that the proposed algorithm has better accuracy and resolution performance than that of traditional algorithms.
The rest of this paper is structured as follows. The received signal model of the conformal antenna array and the problem formulation are described in Section II. In Section III, we deduce the received signal model for a uniform cylindrical conformal array without the unknown mutual coupling effect and propose the tensor-based 2D DOA estimation method. Some numerical simulations and analyses are presented in Section IV to illustrate the validity of the proposed method. Finally, the paper is concluded in Section V.
Notation: In this paper, we denote vectors, matrices and tensors by boldface lowercase, boldface uppercase and calligraphic letters, respectively. (·) H , (·) * and (·) T denote the conjugate transpose, conjugate and transpose, respectively. E(·) denotes the expectation. I N is an N × N identity matrix. diag(x 1 ,x 2 ) represents a diagonal matrix whose diagonal entries are x 1 and x 2 . ⊗, and · denote the Kronecker product, Khatri-Rao product and Hadamard product, respectively. Teoplitz {r} denotes the symmetric Toeplitz matrix constructed by the vector r.
II. SYSTEM ILLUSTRATION AND SNAPSHOT SIGNAL MODEL A. SYSTEM ILLUSTRATION
Consider the multi-cell 5G massive MIMO communication system illustrated in Fig.1 . In the center of each cell, one BS is equipped with M antennas and each BS supplies services to several mobile terminals (MT) simultaneously. It is worth noting that instead of conventional arrays, such as 1-D linear arrays or 2-D planer arrays, the cylindrical conformal array shown in Fig. 3 is adopted for each BS. In the 3D massive MIMO system based on the TDD mode, the BS can perform digital beamforming towards the MT in both the azimuth and elevation domains. Additionally, it is crucial to provide the DOA information for the beamforming on the downlink to track any MT adaptively. 
B. SNAPSHOT SIGNAL MODEL
Without loss of generality, the snapshot signal model based on an arbitrary 3D conformal array is illustrated first. Assume D narrowband far-field signal sources that impinge on an array that contains M directional sensors, as shown in Fig.2(a) . The DOAs of the signals are (θ 1 , φ 1 ), . . . , (θ D , φ D ), where θ i and φ i are the azimuth and elevation of the ith incident signal, respectively. Assume k 0 = 2π/λ, where λ denotes the wavelength of the incident signal; then, the steering vector is expressed as
where
. . , M denotes the position vector of the ith sensor, and u = [cosθ sinφ, sinθ sinφ, cosφ] T denotes the propagation vector. r i is the signal response of the ith element in the global coordinate system. As shown in Fig.2 (b), u θ and u φ are unit vectors, k θ and k φ are the polarization parameters of signal, g i is the pattern of the ith element, q i is the direction of the electric field, and θ igk denotes the angle between vector g i and vector q i . Considering the incident signals are independent of each other, the noise is white Gaussian noise and is statistically independent of the signals. Thus, the snapshot data model of the conformal antenna array is given by
where B = G·A, G denotes the M ×D element pattern matrix corresponding to D signals, A denotes the M × D steering matrix of full rank, S(n) denotes the D × 1 incident signal and N(n) denotes the M ×1 additive noise. However, equation (3) is only valid with ideal assumptions. For an actual array, the effect of mutual coupling should be considered. Thus, (3) is modified as
where C ∈ C M ×M denotes the MCM whose entries indicate the mutual coupling coefficient between sensors. Assume that the variance of N(n) is σ 2 n . It can be seen from (4), because MCM C is previously unknown, that the performance of the DOA estimation algorithm must decease if we adopt the conventional subspace-based algorithm. Hence, the effect of the MCM must be eliminated during the process of DOA estimation.
It is worth noting that, in contrast to conventional uniform linear arrays (ULAs) and planer arrays, the conformal arrays are assembled on a varying curve carrier, which gives the elements different patterns and directions. Moreover, due to the definition of the snapshot data model, the element pattern associated with θ and φ in (2) is defined in the local coordinate system, whereas the DOA of the incident signal (θ , φ) in (1) is defined in the global coordinate system. Therefore, transformation of the element directional pattern from the local to the global coordinate system is critical. In this paper, this coordinate system transformation is completed by the Euler rotation transformation method [23] before the DOA estimation.
III. TENSOR 2D DOA ESTIMATION UNDER UNKNOWN MUTUAL COUPLING A. CYLINDER CONFORMAL ARRAY CONFIGURATION
The structure of the cylinder conformal array is shown in Fig. 3 , where there are M × N sensors uniformly distributed over the surface of the cylinder. Assume that the space between the neighboring sensors along the Z-axis is λ/2 and that the sensors from 1 to N are mounted on the same generatrix; thus, the element patterns g(θ, φ) of the N sensors are identical. Hence, the patterns of sensors g c (θ, φ) from only 1 to M need to be considered. Let A c denote the steering matrix from 1 to M sensors and A z denote the steering matrix from 1 to N sensors. The array steering vector can be expressed as where
When the mutual coupling effect is taken into account in a ULA consisting of N sensors, the MCM can be formulated as a banded symmetric Toeplitz matrix, which can be expressed as
where P is the degrees of freedom of the mutual coupling, and c i , (i = 0, 1, · · · , P) is the mutual coupling coefficient, which decays rapidly with the distance between two sensors and satisfies 0 < |c P | < · · · |c 1 | < 1. Considering the array structure shown in Fig. 3 , the uniform conformal array can be seen as a combination of several ULAs along the Z-axis. Because the element patterns of different ULAs are diverse, the mutual coupling between the ULAs can be insignificant. Thus, only the mutual coupling between elements in one ULA is considered throughout this paper. Then, the MCM C can be expressed as
Because the M ULAs have the same structure, we have
Then, the steering matrix with the mutual coupling effect is written as
Then, we will obtain a similar relationship as
As a result, the final receive array signal model with mutual coupling effect is given by
To solve the problem of the ''shadow effect'', which is caused by the varying curvature of the conformal array, the divided sub-array technique proposed in [24] is adopted in this paper. First, the entire array is divided into several sub-arrays, and each sub-array covers one surveillance sector. In this way, a sub-array and all the sensors of this sub-array can receive a signal from any direction. Then, all the possible incident signals are covered by integrating all the sub-arrays. Because the same DOA estimation process is used for each sub-array, only one sub-array, as shown in Fig. 3 , is considered throughout this paper.
B. MUTUAL COUPLING AUTO-SUPPRESSION
As shown by (17) , when the mutual coupling is considered, the real steering matrix is modified as (g c (θ, φ) · A c (θ, φ)) (C 1 A z (θ, φ) ). For known MCM C, we can estimate the DOAs by conventional subspace-based methods. However, if C is unknown, these approaches fail. To remove the unknown mutual coupling effect, we exploit the structure characteristics of MCM C in (13) and define a single selection matrix as
where 0 is an (N − 2P) × N matrix in which all the entries are zero, and J is expressed as
Then, the output of the middle M (N − 2P) × MN uniform conformal array can be written as
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wherẽ
Then, similar to (15), we havẽ
Define β(φ) = exp(−j 2πd z λ cosφ); then, a z (φ) in (10) can be rewritten as
Then, we obtain the following important relationship,
Substituting (25) into (23) gives
Because c(φ) is a scalar, the orthogonality between the steering matrix and the noise space remains valid. Thus, the final received array signal with the auto-suppression of unknown mutual coupling can be written as
whereÃ z (φ) =C 1Āz (φ). However, it is clear that (27) uses only ''one-dimension'' information and the information between different metrics is lost, which leads to limited estimation performance with low SNR and few snapshots. Additionally, because the received data have an inherent three-dimensional structure, the received data can be represented by a tensor model.
C. TENSOR-BASED 2D DOA ESTIMATION
Assume the snapshot is L andN = N − 2P. It can be seen from (27) thatĀ c (θ, φ),Ã z (θ, φ), and S are M ×D,N ×D, and D × L, respectively. Therefore, we can construct a third-order tensor X ∈ C M ×N ×L as
Next, we estimate the DOAs by using the HOSVD method, and the covariance tensor of (28) can be written as
where R ∈ C M ×N ×M ×N , and it is easy to see that R is a Hermitian tensor. Then, the multi-SVD of R is given by
where K ∈ C M ×N ×M ×N is the core tensor, U 1 , U 3 ∈ C M ×M and U 2 , U 4 ∈ CN ×N are orthonormal matrices, provided by the SVD of the i-mode matrix unfolding of R as
Assume that the source number D is known previously; then, the covariance subspace tensor is expressed as
denotes the signal component of K, and U iS contains the first D significant singular vectors of U i . According to [22] , a new tensor covariance matrixR S can be formed from the covariance subspace tensor R S , which is expressed as
whereR = 1/L ·XX H is the covariance matrix of (27) . By exploiting U 1S = U * 3S , U 2S = U * 4S and the EVD ofR S , we obtain the signal subspace, which is expressed as
whereÛ S is the signal subspace for the traditional SVD/EVD ofR. Thus, U S can be used to estimate the DOAs by a conventional subspace method, such as the MUSIC algorithm. By exploiting the orthogonality between the steering matrix and the noise space, we can express the 2D MUSIC spectrum function as
where E N = I MN − U SO U H SO , and the U SO is the orthogonal basis of U S obtained from the HOSVD method. Finally, the estimated DOAs can be obtained by searching the spectrum peak of (34).
To illustrate the superiority of the proposed method, we briefly discuss the conventional MUSIC algorithm based on the vector model (VMUSIC).
whereÛ N denotes the noise subspace, which consists of the eigenvectors associated with the D smallest eigenvalues and is obtained by the eigen-decomposition of the covariance matrix based on (27) . It is worth noting that the VMUSIC algorithm used in the following simulation utilizes the mutual coupling auto-expression method mentioned in this paper. Remark 2: According to (33),Û S is the signal subspace used to estimate the DOAs in the conventional MUSIC algorithm, and U 1S U H 1S and U 2S U H 2S are obtained by the HOSVD method. The signal subspace estimation by using U S is more accurate than that usingÛ S , especially in the absence of small snapshots, mainly because the proposed method utilizes the multidimensional information inherent in the received data. Moreover, HOSVD, which shows good noise suppression performance compared with the conventional EVD method, is exploited in the proposed method. As a result, the proposed method demonstrates better DOA estimation performance, which is further proved through the following simulation result.
IV. SIMULATION RESULTS
In this section, the effectiveness of the proposed method is evaluated through simulations and comparison with the VMUSIC algorithm. The array configuration is the same as that in Fig. 3 . For simplicity, we assume M = 5 and N = 10, and the element space along the Z-axis is λ/2. Furthermore, assume P = 1 and c 1 = 0.3527 + 0.1854i. Without loss of generality, we choose k 1θ = 0.7, k 1φ = 0.3, k 2θ = 0.5, and k 2φ = 0.5 and define the element directional pattern in the global coordinate system as g iθ = sin(θ j − φ j ), g iθ = sin(θ j − φ j ). θ j and φ j are defined in their local coordinate systems. The spectrum searching step is set at 0.2 • . In the following simulations, the estimation accuracy is evaluated by the root-mean-square error (RMSE) of the azimuth and elevation.
A. THE ACCURACY VERSUS SNR AND NUMBER OF SNAPSHOTS
The RMSE of the DOA estimation algorithm versus the SNR and number of snapshots is shown in Fig. 4 and in Fig. 5 . The searching step size for both the azimuth and elevation is 0.2 • . In each simulation, we run 100 Monte Carlo simulations.
In Fig. 4 and Fig. 5 , the RMSE curves of the azimuth and elevation are plotted for both the proposed method and VMUSIC. As seen in the two figures, as the SNR and number of snapshots increase, the RMSE curves of the two methods decrease. Moreover, the proposed method outperforms VMUSIC, especially at low SNR and small numbers of snapshots. However, as the SNR and number of snapshots increase, the merits of the proposed method become less obvious. Moreover, it is worth to point out that the RMSE cannot approach to 0 even when the SNR and the snapshots are larger enough. The reason is the estimated angles are calculated through the spectrum peak searching, and the searching step is limited owing to the demand of real time. That just says the estimation bias cannot be removed by narrowing the searching angle interval.
B. THE RESOLUTION PERFORMANCE VERSUS SNR AND NUMBER OF SNAPSHOTS
In this simulation, we consider the probability of successful detection to evaluate the resolution performance of the two DOA estimation methods. First, the spectrum of VMUSIC and the proposed method are given in Fig. 6 and Fig. 7 . In this comparison simulation, the SNR is −2 dB, the snapshots L = 100, and the two close DOAs are given by (−5 • , 40 • ) and (8 • , 40 • ). Under the conditions of two DOAs impinging on the array with a smaller angle interval, the conventional VMUSIC method fails to resolve the two DOAs while the proposed method successfully estimates the two DOAs with two sharp spectrum peaks. The estimated DOAs are (−6 • , 40 • ), (9 • , 40 • ). Fig. 6 and Fig. 7 show that the proposed method has better resolution performance with low SNR.
The probability of successful detection versus the SNR and the number of snapshots is shown in Fig. 8 and Fig. 9 , respectively. In this simulation, we define the ''successful detection'' is when both the ( θ ) − θ < 3 • and ( φ) − φ < 3 • . The two DOAs (θ, φ) are given by (−5 • , 40 • ) and (8 • , 40 • ). Fig. 8 shows the probability of successful detection of the two methods for L = 100 snapshots with SNR varying from −5 dB to 5 dB. The probability of successful detection at SNR = 0 dB with the number of snapshots varying from 0 to 250 is shown in Fig. 9 . As shown in Fig. 8 and Fig. 9,   FIGURE 9 . The probability of successful detection versus number of snapshots.
the successful detection probability of the proposed method is greatly superior to that of VMUSIC, which means the resolution performance of the proposed method is much better and that the smallest angle that can be distinguished is much smaller. Summing up the above results, the proposed method can effectively eliminate the unknown mutual coupling and achieve better estimation and resolution performance, mainly because the multidimensional structure and the HOSVD tensor technique are exploited.
V. CONCLUSION
In this paper, 2D DOA estimation based on a conformal antenna array with unknown mutual coupling for massive MIMO systems is investigated. By exploiting the sensors on the upper and lower boundaries of the array and the characteristics of the MCM, the impact of the mutual coupling is effectively removed. Additionally, to improve the estimation performance with low SNR and a small number of snapshots, a novel tensor-based subspace estimation method is proposed. Because the tensor model can utilize more information contained in the multidimensional data, the proposed method has improved estimation accuracy and resolution performance. The simulation results confirm the above analysis and demonstrate the effectiveness of the proposed method. In future work, we will focus on wireless network technology [25] - [27] .
